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Accurate chromosome segregation is essential to
ensure genomic stability because the aneuploidy
that results from segregation errors leads to birth
defects and contributes to the development of
cancer. Chromosome segregation is directed by the
kinetochore, the chromosomal site of attachment to
dynamic polymers called microtubules (MTs).
Although the fidelity of chromosome segregation
depends on precise interactions between kineto-
chores and MTs, it is still unclear how this interac-
tion is mediated and regulated. Here we discuss
current progress in determining how kinetochores
assemble and attach to MTs during mitosis as well
as how they correct errors.
Introduction
The mitotic spindle is the molecular machine used to
segregate chromosomes to the daughter cells during
mitosis. Key to this process is the kinetochore, a pro-
teinaceous structure that assembles on the centromeric
DNA. The eukaryotic kinetochore plays several central
roles during mitosis. First, it is the site of attachment of
microtubules to the chromosome to allow the chromo-
somes to properly align and segregate on the spindle.
Second, it contains molecular motor proteins that
orchestrate the complex movements of chromosomes
during mitosis. Finally, the kinetochore serves as the
site of assembly for the checkpoint machinery — a set
of proteins that assures that the chromosomes are
properly attached to and aligned on the spindle prior to
the initiation of anaphase. Here we discuss the budding
yeast kinetochore, where many new kinetochore com-
ponents have been identified, as well as the vertebrate
kinetochore, where many of the classic studies defining
kinetochore structure and function were performed.
Kinetochore Specification
In most eukaryotic organisms, chromosomes contain
a single kinetochore that we define here as the site of
MT attachment on each chromosome. However, a few
organisms, such as Caenorhabditis elegans, have
chromosomes with multiple kinetochores, termed
holocentric chromosomes. Most kinetochores bind
multiple MTs, except in budding yeast, where they
attach to only a single MT [1,2]. Although the fidelity of
segregation depends on kinetochores assembling on
one and only one region of a chromosome, it is not yet
clear what specifies the site of assembly.
The region of DNA to which kinetochore proteins
bind is the centromere (Figure 1A). Human centromeres
are characterized by large arrays of 171-bp α-satellite
repeats that are embedded in heterochromatin. In some
cases, α-satellite repeats have been sufficient to induce
kinetochore assembly [3]. However, α-satellite repeats
do not have a strict DNA sequence and, therefore,
organisms must also rely on an epigenetic component
to direct kinetochore assembly. The lack of strict
sequence requirements for centromere identity is best
demonstrated by the existence of human neocen-
tromeres that are devoid of α-satellite repeats but
assemble into functional kinetochores [4]. Although the
125 bp budding yeast centromere contains three con-
served elements with several sequence requirements
(Figure 1A), recent data suggest that there are also epi-
genetic components that specify kinetochore assembly
[5]. In general, all eukaryotic organisms employ both
sequence based and epigenetic components to varying
degrees to propagate kinetochore assembly (for a com-
prehensive review, see [6]).
The epigenetic mark for kinetochore assembly is
unknown, but one feature of all kinetochores is a
histone H3 variant called CENP-A in vertebrates or
Cse4p in budding yeast (for reviews, see [7,8]).
Although active neocentromeres may not contain any
α-satellite DNA, the histone H3 variant is always
present [9,10]. This raises the intriguing possibility
that the centromeric H3 epigenetically marks the cen-
tromere. However, since CENP-A is not sufficient to
initiate kinetochore assembly [11,12], the minimal
requirements for kinetochore formation still need to
be elucidated.
Kinetochore Structure
The underlying centromeric sequences and the epi-
genetic components direct formation of the proteina-
ceous kinetochore structure. The two sister
kinetochores assemble during early mitosis on each
side of the primary constriction of the sister chro-
matids, orienting them toward the opposing spindle
poles, to which they will become attached. The mature
kinetochore forms during late prometaphase to
metaphase in vertebrate cells, but prekinetochores
exist throughout the entire cell cycle.
The vertebrate kinetochore ultrastructure has been
well characterized at the electron microscopic (EM)
level and consists of a trilaminar plate structure [13].
Extending from the trilaminar plate is a region termed
the fibrous corona, which is only clearly visible when
MTs are not attached to the kinetochore. When MTs
attach to the kinetochore, they terminate in the outer
plate [14,15]. Recent analysis by an alternative EM
technique thought to provide better preservation of
the ultrastructure has produced a different view of the
kinetochore (Figure 1B) [16]. Using high-pressure
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freezing, the vertebrate kinetochore appears as a mat
of lightly stained material that abuts the centromeric
heterochromatin. The MTs end in this mat, and it is,
therefore, thought to correspond to the outer plate of
conventionally fixed samples. Extending from the mat
is a zone 100–150 nm thick, which is cleared of ribo-
somes and other cytoplasmic components. This zone
is probably analogous to the fibrous corona seen in
traditional preparations. Intriguingly, the holocentric
chromosomes of C. elegans have a similar appear-
ance when prepared by this technique [17], suggest-
ing that the higher order structure of the kinetochore
is similar despite the different numbers of MT attach-
ment sites along the chromosomes. Although size
constraints have limited the development of a working
structural model of the budding yeast kinetochore, EM
studies on the Schizosaccharomyces pombe yeast
kinetochore suggest that the general structure will be
conserved throughout eukaryotes [18].
Kinetochore Microtubule Attachments
The vertebrate ‘search-and-capture’ model of mitosis
serves as the textbook paradigm for how chromo-
somes become properly attached to and aligned on the
spindle (Figure 2A) (for review, see [19]). MTs exhibit
dynamic instability, whereby both polymerizing and
depolymerizing MTs exist in the same population and
interconvert [20]. The growing MT end distal from the
spindle pole (centrosome), called the plus end, probes
three-dimensional space until the MT is captured by a
kinetochore [21]. Initial attachment of the chromosome
to MTs from one pole appears to be achieved through
lateral connections, causing the chromosome to move
rapidly toward that pole. Once a stable end-on attach-
ment of MTs to the kinetochore is made, the mono-ori-
ented chromosome begins to oscillate and soon
achieves bi-orientation by becoming attached to MTs
emanating from the opposite spindle pole. Proper bi-
oriented attachment generates tension on the sister
kinetochores. A bundle of approximately 20 MTs that
constitute a kinetochore fiber attaches to the kineto-
chore [22]. This kinetochore fiber then exhibits coordi-
nated MT polymerization and depolymerization at the
plus ends leading to chromosome congression to the
metaphase plate. Once all of the chromosomes are
properly attached to MTs, anaphase chromosome seg-
regation proceeds.
The mitotic or spindle checkpoint is a signal trans-
duction cascade that mediates cell cycle arrest if there
are errors in the attachment of MTs to kinetochores
[23]. Although the primary defect that leads to check-
point activation is unknown, current data are consistent
with the signal originating at the kinetochore. Elegant
micromanipulation and genetic studies have demon-
strated that MT attachment and/or tension defects can
activate the checkpoint [24–27]. Although many
attempts have been made to distinguish these activa-
tors, they may not be separable, because MT attach-
ment is required to generate tension at the kinetochore,
but tension contributes to stabilizing attachments
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Figure 1. Centromere and kinetochore structure.
(A) Schematic diagram of the 125 bp budding yeast centromeric DNA (top), which contains 3 consensus DNA elements, CDEI, II, and
III, and of a human centromeric DNA region showing α-satellite DNA flanked by heterochromatin (bottom). (B) Kinetochore MT plus
ends and associated kinetochore connections, as seen by high pressure freezing. Protein and chromatin appear white in all grayscale
views. (i) 2D projection image from the tilt series with the chromosome, kinetochore, and MTs indicated. (ii) Single 2.0 nm thick slice
from the corresponding tomographic reconstruction with the chromosome, kinetochore, and a single MT indicated. (iii) Sub volume
containing the kinetochore MT plus end indicated in (ii). (iv) Filled-contour model of the same plus end with the MT shown in green.
Contours were manually traced along the cylindrical axis of the MT. (v) Same model as in (iv) with filled contours of kinetochore con-
nections to the MT added in red. The image in part B was generously provided by Bruce McEwen.
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[28,29]. Defects in spindle function, kinetochore assem-
bly and spindle pole duplication all activate the check-
point, which is consistent with the checkpoint sensing
kinetochore attachment or tension. The complex sig-
naling machinery of the mitotic checkpoint has recently
been reviewed in excellent sources [23,30].
An additional tier of complexity to the conventional
search-and-capture model of chromosome congres-
sion arises from the observation that spindles can also
self-organize around DNA (Figure 2B). This mechanism
of spindle assembly occurs in the acentriolar spindles
of female meiosis [31] and in vertebrate cells in which
centrosomes have been removed by laser ablation
[32]. During the self-assembly process, MTs are nucle-
ated on chromatin and then sorted and organized by
motor proteins to form the bipolar array [33,34].
Aspects of the mechanism of bipolar spindle assem-
bly in budding yeast are different from vertebrates
(Figure 2C). The yeast kinetochores cluster near the
spindle poles during the entire cell cycle, suggesting
that yeast kinetochores always remain assembled and
attached to MTs [2,35–38]. Because it has not been
possible to visualize a cell cycle phase during which
MTs are not attached to kinetochores, it is unclear
what aspects of the search-and-capture mechanism
exist in yeast. Although the reason why budding yeast
kinetochores remain attached to MTs is not known,
one possibility is that it is related to the fact that these
kinetochores have only a single MT-binding site. It may
be easier for vertebrate kinetochores with multiple 
MT-binding sites to make initial attachments and,
therefore, restrict this activity to mitosis. Alternatively,
attachment to the pole may be maintained in yeast,
since the nuclear envelope never breaks down.
For any type of spindle assembly, there are several
common questions: how do MTs attach to the kineto-
chore, which molecules are important for mediating
these attachments, how does the attachment maintain
itself through rounds of MT polymerization and depoly-
merization, and how do chromosomes become and
remain bi-oriented on the spindle? We now focus on
how the kinetochore structure assembles and ultimately
mediates attachment of the chromosomes to the MTs.
Kinetochore Assembly
A major goal in the field is to determine how the
complex kinetochore assembles faithfully during every
cell cycle. A small number of kinetochore proteins
were first identified by immunological reactivity in
mammalian cells and served as a starting point to the
expansive molecular characterization of the kineto-
chore [39]. Recently, more than 40 budding yeast
kinetochore proteins have been identified due to
various technological advances. In addition, the purifi-
cation of yeast spindle poles fortuitously identified
many outer kinetochore proteins that co-purified with
MTs [40]. Several of the yeast proteins have mam-
malian homologs, suggesting strong conservation of
kinetochore components and function. On the basis of
genetic and physical interactions, the budding yeast
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Figure 2. Different mechanisms of
spindle assembly and kinetochore–MT
attachment.
(A) In the traditional ‘search-and-capture’
model of spindle assembly in vertebrate
cells, a mono-oriented chromosome oscil-
lates near the spindle pole (double ended
arrow). A MT from the opposite pole is
captured by the sister kinetochore, so
that the chromosome is now bi-oriented
and can congress toward the metaphase
plate. (B) Spindles can also self-assemble
around chromosomes by having MTs
nucleated in the vicinity of chromosomes.
These MTs are then sorted into MT
bundles and focused into two spindle
poles by the action of motor proteins. 
(C) MTs cluster near the spindle poles
throughout the budding yeast cell cycle.
In G1, the unreplicated kinetochores are
attached to MTs and therefore cluster
near the spindle pole that is embedded in
the nuclear envelope. After replication,
the spindle poles separate and the kineto-
chores make bi-oriented MT attachments
causing the centromeres to visibly sepa-
rate due to tension. At anaphase, the
chromosomes travel to the poles. Chro-
mosome segregation occurs within the
yeast nucleus (outline), which does not
break down during the cell cycle.
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kinetochore can be broken down into the following
subcomplexes — CBF3, Ctf19, Ndc80, Dam1 and Ipl1
(Figure 3A). We will restrict our discussion to the
assembly of these subcomplexes and direct the
reader to recent reviews for additional details [41,42].
It is still unknown how yeast kinetochore assembly
is initiated, but essential proteins that directly bind to
centromeric DNA are obvious candidates. This
includes the budding yeast H3 variant Cse4p [43], the
CBF3 complex [44], and the CENP-C homolog Mif2
[45]. Surprisingly little is known about the require-
ments for Mif2 and Cse4 in yeast kinetochore assem-
bly. A popular thought is that the unique centromeric
chromatin structure provides a site permissive for
kinetochore assembly. Although it has not been for-
mally demonstrated that Cse4p exists in a nucleo-
some in vivo, genetic interactions with histone H4 and
in vitro reconstitution experiments with the vertebrate
Cse4p homolog CENP-A suggest that this is likely to
be the case [46,47]. However, because the CBF3
complex is required for Cse4p maintenance at the
kinetochore [48], it is unclear which protein(s) initi-
ate(s) kinetochore assembly. CBF3 may be the scaf-
fold for yeast kinetochore assembly, because it is
essential for the maintenance of every kinetochore
protein that has been tested. However, it is difficult 
to separate yeast kinetochore assembly from the
maintenance of the structure, as kinetochores remain
assembled throughout the cell cycle.
The yeast kinetochore can be further broken down
into subcomplexes that do not bind to DNA directly
and, therefore, probably assemble via the CBF3 scaf-
fold (Figure 3A). Because Ctf19 components exhibit
physical and genetic interactions with Mif2p, Cse4p
and the CBF3 complex [48,49], the Ctf19 complex is
probably situated proximal to the DNA. The highly con-
served Ndc80 complex is likely to be farther from the
centromeric DNA, because it is not required for the
localization of the CBF3 or Ctf19 components that
have so far been tested [40,50,51]. Consistent with
these data, the Ndc80 complex co-purifies with spindle
pole bodies, while the DNA-proximal CBF3 complex
does not [40]. The Ipl1 complex does not localize con-
stitutively to kinetochores, so it is not a structural com-
ponent of the kinetochore [52,53]. Although the Ipl1
complex requires CBF3 for localization, its relationship
to other subcomplexes has not been explored. Com-
ponents of the Dam1 complex require members of the
CBF3, Ndc80 and Ipl1 complexes for localization, sug-
gesting that it is located farthest from the DNA [54–58].
In support of this idea, Dam1 is the only complex
known to require MTs for its kinetochore localization
[54,58]. Therefore, the assembly process can be
roughly broken down into the DNA-binding proteins
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Figure 3. Protein complexes at the
centromere.
(A) Budding yeast kinetochore assembly.
The DNA binding proteins Cbf1, Mif2,
Cse4, and the CBF3 complex initiate
kineto-chore assembly. The DNA is not
shown because its relationship to the pro-
teins is not known. The Ctf19 complex
assembles onto the DNA-binding pro-
teins. The Ndc80 and Ipl1 complexes also
localize in a CBF3-dependent manner. As
Ndc80 requires Ctf19, it is likely to assem-
ble after the CBF3 and Ctf19 complexes.
The Dam1 complex is brought to the kine-
tochore in a MT-dependent fashion and
requires all known kinetochore subcom-
plexes for localization. We emphasize
that, as the order of assembly has not
been elucidated, these reflect strict
dependency relationships. The compo-
nents identified in each subcomplex are
listed below the pictures. Essential genes
are in bold. Proteins that have only been
identified as components of the complex
by mass spectrometry are in parentheses
to indicate that they have not been con-
firmed by other techniques. (B) Putative
locations of proteins at the vertebrate
kinetochore. A schematic diagram
showing the structure of a chromosome
and the vertebrate kinetochore showing
the inner centromere, the trilaminar plate
and the fibrous corona. Each substructure
is color coded and proteins localized
within each domain are listed.
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directing assembly of Ctf19, followed by the Ndc80,
Ipl1 and Dam1 complexes. However, this is an approx-
imate dependency relationship, and the actual order of
assembly still needs to be directly tested in vivo and in
vitro. In addition, many kinetochore proteins, such as
motor proteins and MT-associated proteins (MAPs)
(see Figure 3A), need to be added to the picture of
yeast kinetochore assembly.
In other organisms, homologs of the budding yeast
proteins exist, although their order of assembly into
kinetochores is even less clear (Figure 3B). As expected
for proteins that interact with the centromeric DNA, the
histone variant CENP-A and the inner kinetochore
protein CENP-C are required for the assembly of many
proteins. In one or more organisms, CENP-A is required
for the assembly of the kinetochore components CENP-
C and CENP-F, the kinesin-related proteins CENP-E
and MCAK, the checkpoint proteins Bub1 and Rod, and
the cohesion protein MEI-S332 [59–63]. In addition,
when CENP-A is mistargeted to non-centromeric DNA,
it is able to recruit CENP-C and other inner kinetochore
proteins [12]. Since a number of these proteins also
require CENP-C for localization, CENP-A appears to
promote the assembly of CENP-C followed by many
remaining proteins. However, CENP-A does not direct
all kinetochore formation, as the human and S. pombe
Mis12, the C. elegans INCENP, and the human CENP-B
proteins do not require CENP-A for localization [62,64].
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Figure 4. Phenotypes of budding yeast kinetochore mutants.
(A) Chromosome segregation in wild-type cells. In metaphase (left), yeast cells are large budded and contain unsegregated chromo-
somes that appear as a single mass (blue) with a short spindle. At anaphase, the large budded cells segregate equal amounts of DNA
to opposite poles when the spindle elongates. (B) Chromosome segregation in the general classes of kinetochore mutants. Class I: a
complete lack of MT attachments results in all of the DNA remaining in the mother cell when the spindle elongates. In these mutants,
the spindle elongates because the spindle checkpoint is not activated. Class II: a metaphase arrest where all the DNA remains in the
mother cell and the spindle remains short, because the spindle checkpoint is activated. The nature of the attachment defect is not
known, because they do not complete anaphase. Class III: chromosome mis-segregation where there is unequal DNA in the mother
cell and the bud when the spindle elongates. Since there is partial segregation, there are at least some microtubule attachments in
these mutants. The table at the bottom indicates whether alleles in each class have been identified for each kinetochore subcomplex
and an example of a corresponding allele. The Cse4 complex (*) is assumed to consist of a nucleosome.
A    Wild-type yeast cell
B    General classes of yeast kinetochore mutants
Cse4*
CBF3
Ctf19
Ndc80
Ipl1
Dam1
All ipl1 alleles
dam1-11
cse4-323
mtw1-1
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None
Complex Examples of mutants in each class
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None
None
None
None
Metaphase arrest:
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Weak/partial attachments or
mono-oriented attachments
No
None
None
Yes
None
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ctf13-30
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Class IIIClass I Class II
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Therefore, kinetochore assembly is not simply hier-
archical, but is instead driven by multiple pathways.
Consistent with the yeast studies, the Ndc80
complex also affects kinetochore assembly in multi-
cellular eukaryotes, although it is not clear to what
extent. Many studies show that depletion or inhibition
of Ndc80 components prevents outer kinetochore
proteins and checkpoint proteins from assembling
[17,65,66]. However, siRNA knockdown of the hNuf2
component does not affect the assembly of the outer
kinetochore motor proteins CENP-E and dynein or the
checkpoint proteins BubR1 and Mad2 [67]. Additional
work is required to understand the precise role of the
Ndc80 complex in kinetochore assembly.
Given the large number of kinetochore proteins, the
current challenge is to understand how their assembly
into a functional kinetochore is regulated. Studies on
vertebrate kinetochore assembly have been lagging
due to the inability to effectively abrogate protein
function, but the introduction of siRNA technology in
cell culture will advance studies in this area. Further-
more, identification and characterization of additional
kinetochore components in Xenopus will allow for bio-
chemical dissection of kinetochore assembly. In the
future, reconstruction and dependency experiments
in vivo and in vitro should provide additional details
about kinetochore assembly in various organisms.
Protein Complexes that Mediate MT Attachments
Once kinetochores assemble, they must capture
dynamic MTs. To elucidate the mechanism of MT
attachment, it is critical to identify the proteins that
mediate this event. A combination of genetics and
biochemical studies has identified many key players,
which we discuss next.
Analysis of Yeast Mutants Defective in
Chromosome Segregation
Many genes required for chromosome segregation
have been identified in budding yeast. Although yeast
genetics has been powerful in identifying mutants, the
lack of good cytological techniques has made it diffi-
cult to determine the precise nature of the defects.
The development of methods to fluorescently mark
yeast chromosomes has recently aided studies [68]. In
general, the types of kinetochore defects that result in
chromosome mis-segregation include a complete lack
of MT attachments, partial or weak MT attachments,
or a defect in making bi-oriented MT attachments.
Yeast kinetochore mutants exhibit four common
classes of phenotypes, although many mutant strains
contain mixed populations due to leaky phenotypes or
additional spindle and checkpoint defects (Figure 4).
In the first class of yeast mutants, MT attachments
are completely absent and all of the DNA remains in
the mother cell when the spindle elongates (Figure 4B,
Class I). Because the cell cycle continues in the
absence of attachments, the spindle checkpoint is not
activated. The only mutants identified with this pheno-
type are members of the CBF3 and Ndc80 complexes
[40,50,51,69–71]. However, it is very difficult to deter-
mine whether the mutants are directly defective in MT
attachments or instead abolish kinetochore assembly.
For instance, the CBF3 complex is required for the
assembly of all kinetochore proteins, and it is not suf-
ficient to mediate MT attachments in vitro [71], making
it unlikely to bind directly to MTs. In addition, the lack
of checkpoint activation is consistent with the absence
of a kinetochore structure that prevents the proper
localization of the checkpoint machinery. In contrast to
the CBF3 mutants, mutants in the Ndc80 complex do
not completely abolish the kinetochore structure
despite a lack of MT attachment [50], making it a good
candidate for a complex that mediates MT attachment.
However, since the purified Ndc80 complex has not
been shown to bind directly to MTs, it is unlikely to
form MT attachments directly.
A second class of yeast kinetochore mutants acti-
vates the spindle checkpoint, leading to a metaphase
arrest with a short spindle and all of the DNA in the
mother cell (Figure 4B, Class II). Although mutants in
almost all kinetochore complexes exist in this class, it
is hard to determine the precise kinetochore defect,
as these mutants do not go through anaphase. Live
microscopy on mutant cells with fluorescently tagged
chromosomes has provided the first analysis of the
precise defects associated with this class of mutants.
A mutation in the NUF2 gene leads to metastable MT
attachments, and the MAP Stu2p is required for
tension [51]. Because these mutants activate the
checkpoint, the kinetochore structure present is suffi-
cient to trigger the checkpoint. This mutant class,
therefore, provides additional candidates for proteins
that mediate appropriate MT attachments, because
mutants in this class do not completely abolish kineto-
chore assembly.
A third class of yeast kinetochore mutants results in
unequal chromosome segregation between the
mother cell and the bud when the spindle elongates
(Figure 4B, class III). Some of these mutants activate
the spindle checkpoint while others do not. Although
it is unclear why the spindle elongates when the
checkpoint is active, one possibility is that the mutant
kinetochores cannot resist the spindle’s pulling forces.
The partial segregation phenotype probably results
from weak MT attachments or defects in kinetochore
bi-orientation that result in sister chromatids traveling
to the same pole instead of opposite poles. Some
mutants in Cse4p, Mtw1p and the Ipl1 and Dam1
complexes exhibit this phenotype [72–76]. Although
the primary defect in the Cse4p and Mtw1p mutants is
unknown, some mutants in the Ipl1 and Dam1 com-
plexes exhibit this phenotype because the kineto-
chores make mono-oriented instead of bi-oriented
attachments [51,52,55]. As these mutants are still able
to segregate chromosomes, these proteins regulate
bi-orientation but do not mediate attachment. The
major function of the Dam1 complex may be to local-
ize to kinetochores and release MT attachments when
it is phosphorylated by Ipl1p, thus allowing mono-ori-
ented attachments to be corrected [55]. Consistent
with the role of Dam1 in the release of attachments,
the complex is no longer localized to the kinetochore
in ipl1 mutants where attachments are stable.
Although there are alleles of the Dam1 complex that
appear to have attachment defects, these mutants
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also have spindle defects that complicate the inter-
pretation of the phenotype [75,77].
A final class of yeast kinetochore mutants contains
those that exhibit subtle chromosome loss pheno-
types, presumably due to functional redundancy. This
includes the non-essential kinetochore proteins in the
Ctf19 complex, the budding yeast motor proteins, the
MAPs such as Bim1 and Bik1, and the mitotic check-
point proteins. Given that the majority of these proteins
are conserved in multicellular eukaryotes, elucidation
of their function will be critical to our understanding of
MT attachments in various organisms. Advances in
visualizing yeast chromosomes by live microscopy and
kinetochore reconstitution in vitro will be the next steps
in providing insight into how kinetochores attach to
MTs in yeast.
Multicellular Eukaryotes: Proteins Important in MT
Attachment
Although lacking the genetics afforded by yeast, verte-
brate cell mitosis has the advantage of good cytology
in which defects associated with inactivation of a spe-
cific protein can be visualized. Like in budding yeast, it
is often difficult to elucidate the contributions of indi-
vidual proteins to microtubule attachment because the
protein(s) may play additional roles in kinetochore
assembly or in spindle and checkpoint function, or
because there may be redundant mechanisms for
attachment. However, it is still possible to categorize
three different classes of microtubule attachment
defects that result from inactivation of kinetochore pro-
teins (Figure 5). The first two classes result in a failure
of sister chromatids to congress properly to the
metaphase plate. These two classes can be further dis-
tinguished by the status of the spindle checkpoint.
Congression defects that activate the spindle check-
point and cause a prolonged metaphase arrest are
likely to assemble the kinetochore correctly (Class I).
Cells with congression defects that do not activate the
spindle checkpoint may not assemble the kinetochore
properly and are, therefore, unable to trigger the check-
point (Class II). Alternatively, these Class II defects may
result from incorrect MT attachments to the kineto-
chore in a configuration that is not sensed by the
checkpoint, or these defects may be corrected, thus
preventing the cell from arresting in metaphase. The
third class does not affect congression, but rather
results in segregation defects with one or more lagging
chromosomes (Class III). Although lagging chromo-
somes can result from a number of MT attachment
problems, such as a kinetochore attaching to MTs from
both poles, defects in bi-orientation of sister kineto-
chores, or a reduced number of MT attachments, the
primary defects are still not known. In addition, defects
in MT–kinetochore interactions during prometaphase
can result in lagging chromosomes at anaphase. Here
we focus on outer kinetochore proteins (Figure 3B),
which are likely to directly facilitate MT interactions,
rather than inner kinetochore proteins, which affect
kinetochore assembly.
CENP-E, a plus-end directed kinesin-related motor
that localizes to kinetochores, is the best studied
protein whose inactivation causes a congression defect
that activates the checkpoint [78,79] (Figure 5B,
Class I). Function-blocking antibodies to CENP-E
prevent chromosomes from tracking along depolymer-
izing MTs in vitro, suggesting that CENP-E couples
chromosome movement to dynamic MTs [80]. CENP-E
inhibition results in chromosome misalignment on the
spindle prior to or at metaphase, consistent with a role
in chromosome congression [79,81–83]. Analyses of
chromosomes in cells lacking functional CENP-E show
a reduction of kinetochore– MT binding [84,85]. Strik-
ingly, chromosomes close to the poles have no kineto-
chore MTs. Taken together, these studies suggest that
CENP-E is required to attach kinetochores to MTs
effectively. Surprisingly, most chromosomes lacking
CENP-E can still congress to the metaphase plate
because redundant mechanisms are in operation to
achieve correct mitotic spindle alignment. However, it
is unclear why some chromosomes, particularly those
near the spindle pole, remain mono-oriented with few
or no MTs attached to their kinetochores.
Vertebrate MT–kinetochore attachment also requires
the conserved Ndc80 complex [40], which is required
for congression, but has various effects on the spindle
checkpoint. In human cells, inhibition of Ndc80
complex members results in congression defects that
activate the mitotic checkpoint (Figure 5B, Class I)
[66,67]. Injection of anti-Nuf2 or anti-Ndc80 antibodies
into Xenopus XTC cells also causes defects in chro-
mosome congression and segregation, but, instead,
leads to premature exit from mitosis (Figure 5B, Class
II) [65]. Therefore, the Ndc80 complex has a clear role
in congression and its function in checkpoint signaling
needs further studies.
Another protein required for congression is cyto-
plasmic dynein, a minus-end directed motor important
for both spindle assembly and chromosome segrega-
tion [86,87] (Figure 5B, Class II, III). The role of dynein
at kinetochores may be functionally dissected from its
role in spindle assembly by studying certain dynein-
interacting proteins. Overexpression of p50 dynamitin,
a subunit of the dynein-activating complex dynactin,
causes defects in chromosome congression, sug-
gesting that dynein may be important in mediating MT
attachment to the kinetochore [88]. In support of this
idea, disruption of the dynein-interacting protein LIS1
in cells causes chromosome misalignment at the
metaphase plate, suggesting that LIS1 may be an
important mediator of dynein function at the kineto-
chore prior to anaphase [89,90]. Two other dynein-
interacting proteins, ZW10 and Rod, localize to
kinetochores in Drosophila and vertebrate systems
and implicate dynein in chromosome segregation
[91–97]. Loss of ZW10 function results in lagging chro-
mosomes, and Rod defects cause reduced rates of
chromosome motility in anaphase (Figure 5B, Class III)
[93,97,98]. Taken together, dynein appears to have
multiple roles at the kinetochore, both during con-
gression and segregation. It should be noted that the
role of dynein in kinetochore function is not universal,
as budding yeast dynein mutants do not display chro-
mosome segregation defects [99,100].
Another important class of kinetochore motor pro-
teins are the Kin I kinesins (MCAK/XKCM1/klp5/6),
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unique members of the kinesin-related protein family
that destabilize MTs rather than translocate along them
[101–105]. Loss of mammalian MCAK function causes
lagging chromosomes during anaphase (Figure 5B,
Class III) [106]. S. pombe Klp5/6 deletion mutants have
a delayed entry into anaphase , which is thought to
arise from improper capture of microtubules and estab-
lishment of tension [107–109]. Consistent with this idea,
inhibition of XKCM1/MCAK at kinetochores results in a
congression defect, a delay in anaphase entry, a
decrease in kinetochore tension, and lagging chromo-
somes (Figure 5B, Class II and Class III) [110,111].
Taken together, the Kin I kinesins play an important role
in mediating MT–kinetochore interactions.
In addition to motor proteins, there are a number of
plus-end MT-binding proteins that play important roles
in both kinetochore–MT interactions and regulation of
kinetochore–MT dynamics. These include CLIP-170
(Bik1p in yeast), the CLIP-associated proteins (CLASPs)
such as Orbit/MAST [112–114] and EB1 (Bim1p in yeast)
[115]. Loss of CLIP-170 from the kinetochore causes a
prometaphase delay, which may suggest a role for
CLIP-170 in initiating kinetochore–MT attachments
(Figure 5B, Class II) [116]. The EB1 protein is found at
the plus ends of growing but not disassembling kineto-
chore MTs [117] and it interacts with adenomatous
polyposis coli protein (APC) [118–123]. Since mutations
in APC lead to lagging chromosomes and chromosome
instability [124], an attractive model is that APC and EB1
are positioned to aid in the proper capture of kineto-
chores by the dynamic plus-ends of MTs.
In addition to the proteins that directly mediate
kineto-chore–MT interactions, there are also proteins
that regulate these interactions, such as the Aurora
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Figure 5. Phenotypes of MT attachment defects in multicellular eukaryotic mitosis.
(A) A wild-type vertebrate spindle. In metaphase (left), chromosomes (blue) are attached and aligned via their kinetochores (red) to
bundles of kinetochore MTs (thick bundles). At anaphase (right), the chromosomes separate and travel toward the poles. (B) Chro-
mosome congression and segregation defects fall into three general classes of phenotypes. Class I: defective MT attachments can
result in a failure in congression characterized by misaligned chromosomes. The assembly of the kinetochore is sufficiently intact,
because the checkpoint is active and the cell arrests at metaphase for a prolonged period of time. Class II: defective MT attachments
can result in a failure in congression characterized by misaligned chromosomes. Cells in this class do not arrest in metaphase for a
prolonged period of time. This may be due to improper assembly of the kinetochore and, thus, the checkpoint would be inactive. Alter-
natively, the defective attachments are not detected by the checkpoint or are corrected prior to anaphase. Class III: cells in this cat-
egory have lagging chromosomes which can result from being improperly attached to or aligned on the spindle during metaphase.
This phenotype can also occur when proteins important for anaphase chromosome movement are perturbed.
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B/Ipl1 protein kinase. Overexpression of a dominant-
negative form of Aurora B results in improper
MT–kinetochore attachments and the loss of motor
proteins from kinetochores (Figure 5B, Class II) [125],
suggesting that the Aurora B kinase influences the
activity and assembly of many kinetochore proteins.
Microinjection of inhibitory antibodies into Xenopus
cultured cells causes defects in kinetochore–MT
attachment and a premature entry into anaphase
[126], which is consistent with Aurora B inhibition
interfering with the assembly of checkpoint proteins
(Figure 5B, Class I). Aurora B/Ipl1 is an important reg-
ulator of kinetochore function, and understanding its
activity will be a key area of future research.
The emerging picture of MT attachment to the
kineto-chore in multicellular eukaryotes is that a
number of players are required to set up the initial
attachment, and inhibition of these proteins causes
defects in chromosome alignment. In the future, it will
be critical to determine whether the kinetochore is
properly assembled after inhibition of certain proteins.
The apparent multiple functions of individual kineto-
chore proteins — involvement at congression and the
checkpoint — and the multitude of proteins that func-
tion in a single process, suggest that chromosome
attachment to the spindle involves an intricate web of
many proteins, whose action must be temporally and
spatially coordinated to achieve proper connections.
Error Correction
Because chromosome attachment to MTs depends
on the coordination of the many events outlined
above, it is amazing that the fidelity is so high. A major
goal is to understand how the cell detects and cor-
rects any errors in this process to ensure faithful seg-
regation during every cell cycle. Although the
checkpoint genes required to mediate cell cycle arrest
have been identified, it is not known how the check-
point corrects mitotic defects before allowing cell
cycle progression. In addition, given the large number
of proteins whose inhibition gives rise to congression
defects that lead to segregation defects, it is clear that
some attachment defects are not recognized by the
spindle checkpoint. The cell cycle delay may allow
attachment problems to be corrected, or instead,
there may be active spindle repair mechanisms. Given
that other checkpoints, such as the DNA damage
checkpoint, employ repair mechanisms, it is possible
that spindle repair mechanisms exist.
Recent data suggest that checkpoint proteins
required for cell cycle arrest may also participate in cor-
recting errors. In budding yeast, the Ipl1/Aurora protein
kinase is required to detect and correct mono-oriented
attachments that result in tension defects [52,127]. In
addition, the Mad2 checkpoint protein is required for
accurate chromosome segregation as well as the
spindle checkpoint in meiosis I. Homologous pairs of
chromosomes have trouble orienting on the meiosis I
spindle in the absence of Mad2, but not the checkpoint
protein Mad3 or Cdc20p, the target of the spindle
checkpoint (M.A. Shonn, A.L. Murray and A.W. Murray,
personal communication). The Bub1 and Bub3 check-
point mutants have chromosome loss phenotypes in
many organisms, indicating that, in addition to cell cycle
arrest, they also have roles in promoting chromosome
segregation [128,129]. In the future, studies directed at
understanding how attachment defects are corrected
should provide an even better understanding of the
process of making proper MT–kinetochore attachments.
Concluding Remarks
Recently, there has been great progress in identifying
new kinetochore proteins. However, we are just begin-
ning to understand how these proteins assemble into
the complex kinetochore and eventually mediate
proper MT attachments. In the future, it will be inter-
esting to know how much more complex the verte-
brate kinetochore is compared with the yeast
kinetochore, as the integration of the systems will ulti-
mately lead to the mechanistic understanding of
kineto-chore assembly and MT attachment. Continued
genetic studies combined with the development of
new assays, the the application of RNAi and micro-
injection techniques, as well as powerful biochemical
studies should aid in rapid progress toward under-
standing MT attachments.
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